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The topological classification of all known non-magnetic crystalline compounds is now complete,
revealing thousands of new candidate topological materials waiting to be explored in the lab.
Topological materials show exotic phenomenology,
such as protected surface states and quantized electro-
magnetic and thermal responses, which are directly re-
lated to topological invariants – quantities that only de-
pend on the global properties of the material’s band
structure. Yet the traditional way of calculating such
topological invariants is challenging, thus hindering its
widespread application to a large number of materials.
Building on recent theoretical breakthroughs which pro-
vide a systematic mapping between the crystal symme-
tries of a material and its topological properties, three
independent research groups [1–3] have completed a cat-
alogue of all (> 26, 000) nonmagnetic crystalline com-
pounds available in the International Crystal Structure
Database (ICSD). Writing in Nature, they predict a trea-
sure trove containing thousands of new topological mate-
rials which should keep experimentalists busy for many
years to come. User-friendly, open-access online tools al-
low for quick verification of the topological properties of
any given compound.
In the past 14 years, tremendous effort has been de-
voted to the study of topological phases of matter. A
hallmark result is the classification of all gapped, non-
interacting electronic phases with internal symmetries
(time-reversal, particle-hole and chirality) as contained
in the periodic table of topological insulators and super-
conductors [4]. The subsequent addition of spatial sym-
metries has expanded these possibilities with the class of
topological crystalline insulators, which encompass the
recently discovered higher-order topological insulators.
The overarching goal of this line of work is to enumerate
all the possible topological phases, given the symmetries
and dimensionality of the system. However, such classifi-
cations do little to inform us on how to obtain topological
phases – i.e., which model or material might realize them.
This situation has changed in the past two years with two
independent developments showing how the topological
properties of a particular compound can be inferred using
only its symmetries and orbital content.
The first approach, pioneered by Bradlyn et al. [5],
builds on the notion of band representation introduced
almost forty years ago by Zak [6]. A band representation
encodes the symmetry properties of a band (or group
of bands) arising from a set of localized orbitals respect-
ing the crystal symmetries, and possibly time-reversal. A
band representation thus describes bands that are consis-
tent with a trivial atomic insulator. Topological bands
are then defined as bands that are not described by a
band representation, i.e. they do not admit a localized
atomic limit which respects the crystal symmetries. In
more technical terms, topological bands are described by
a disconnected elementary band representation (EBR)
[5, 7]. Interestingly, such a possibility was originally ruled
out by Michel and Zak [8], who only considered single-
valued representations occuring when the electron spin
is neglected. Generalizing the theory of band represen-
tations to spinful fermions and accounting for spin-orbit
coupling was a crucial step in establishing the results of
Refs. [5, 7] and enabling the materials search of Ref. [1].
The second approach is based on the concept of sym-
metry indicators (SI) [9]. This is inspired by the early
work of Fu and Kane [10] who realized that, for topo-
logical insulators (TIs) with inversion symmetry, the
Z2 topological invariant could be obtained simply from
the eigenvalues of the inversion operator at a few high-
symmetry points in the Brillouin zone. Symmetry indica-
tors are a generalization of this idea – classifying topology
from symmetry eigenvalues – to an arbitrary space group
G. In essence, they diagnose how the symmetry con-
tent of the wavefunctions at high-symmetry points dif-
fers from that of a trivial atomic insulator. This method
was developed by Po et al. [9] for all 230 space groups in
3D with spin-orbit coupling, partly based on pioneering
ideas by Kruthoff et al. [11]. Shortly thereafter, the full
mapping between symmetry indicators and the standard
topological invariants (which in general is not one-to-one)
was reported [12, 13]. Symmetry indicators form the core
of the materials search of Refs. [2, 3].
Applying either theory to concrete materials first re-
quires performing a routine ab initio band structure cal-
culation, out of which the symmetry properties of Bloch
wavefunctions at high-symmetry points are extracted.
This data is then fed into a series of algorithms which
classify the band structure into three main categories:
(i) consistent with an atomic insulator, (ii) symmetry-
protected semimetal, or (iii) topological bands. A car-
toon of this procedure is shown in Fig. 1. Many further
subdivisions of the three main categories are possible and
differ slightly between the different papers [1–3].
The most surprising conclusion of this search is the
sheer abundance of topological materials in nature. It is
now estimated that 27 − 30% of all non-magnetic crys-
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FIG. 1. Diagram representing the materials search in Refs. [1–3] which classifies ab initio band structures into three main
categories: “topological bands”, “symmetry-protected semimetals” and “consistent with an atomic insulator”. The diagnostics
criteria for each category are shown in blue for the band-representation technique, and in red for the symmetry-indicator
technique. EBR stands for elementary band representation and SI denotes symmetry indicators. The percentages in each
category are taken from Refs. [1, 3]. Note that Ref. [2] reports a much larger proportion of topological compounds (∼ 57%),
presumably because their analysis also includes bands far from the Fermi level.
talline materials in ICSD are topological, with roughly
12% insulators and 15−18% semimetals (see Fig. 1). This
represents around 8000 new topological compounds! For
nearly all the materials identified, the three papers report
a wealth of experimentally useful information. For topo-
logical (crystalline) insulators, this includes the protect-
ing symmetries, the size of the topological gap and the
potential presence of trivial bands within it that might
mask topological properties. For topological semimetals,
this includes whether the protected crossing occurs at a
high-symmetry point or line, the potential presence of
nodal rings, or even ways to open a topological gap at
the Fermi level by applying symmetry-breaking pertur-
bations [1].
A mildly disappointing aspect of these results is that
no obvious “ideal” topological material – or at least one
clearly better than the currently known examples – has
emerged. For example, out of ∼ 3000 new TI candidates,
it appears that Bi2Se3 – one of the first TIs discovered
– still has the largest bandgap. Further work will be
necessary to fully explore the list of candidates in hope
of finding a hidden gem.
For the experimental community, the most useful out-
come of this work is perhaps the construction of two
online tools allowing to quickly ascertain the topologi-
cal properties of a compound of interest. In this regard,
Ref. [3] introduced a user-friendly interactive tool in the
form of a periodic table. Ref. [1] incorporated a routine
to the Bilbao Crystallographic Server which takes as an
input the result of an ab initio band structure calcula-
tion and outputs the topological characteristics of the
material. These tools promise to considerably speed up
and democratize the process of predicting and verifying
topological materials.
A few words of caution are in order when interpreting
the gigantic databases reported in Refs. [1–3]. First, it
is important to note that both techniques rely on sym-
metry representations along high-symmetry points and
lines in the Brillouin zone. As such, they are insensi-
tive to any accidental band crossings (as occur in Weyl
semimetals) or band inversions at generic momenta. Sec-
ond, both approaches need input from ab initio density
functional theory calculations to determine the system
energetics (i.e. the energy ordering of the bands). This
can be problematic for small bandgap materials where
density functional theory might get the ordering of the
bands wrong. For the same reason, reported gap val-
ues should be treated with a healthy dose of skepticism.
Third, the classification scheme is based on the indepen-
dent electron approximation and will fail when correla-
tion effects become large. This might be important es-
pecially when considering the 3d, 4f and 5f compounds
included in the databases. Finally, the number of ma-
terials reported in each category differs slightly between
the different approaches and papers. Reconciling these
numbers by thorough cross checks will be crucial to get
a clear picture of the topological materials landscape.
An exciting new direction will be to generalize this
3search to magnetic materials. This task is complicated
by the large number of magnetic space groups (1651) and
their different group-theoretic properties, but important
steps in this direction have already been taken [14]. A
sweep of magnetic materials in ICSD has not yet been re-
ported, but should be completed in the near future and
reveal many more topological compounds including, per-
haps, a few surprises.
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